Research on effectiveness of hyperspectral data on identifying rice of different genotypes
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Introduction
Genetically modified rice shows great potential for solving food problems caused by the growing world population and decreasing arable land (Toledo and Burlingame 2006) . Among all the researches carried out on rice, differentiating the characteristics between different rice genotypes is of fundamental meaning. Fingerprinting approaches at metabolite level could be very informative and reflect the changes that stem from genetic manipulation, but investigation of all chemical components of the target organism is technically very difficult (Keymanesh et al. 2009 ). The development of hyperspectral remote sensing, with a large number of wavebands, provides us with more detailed information about crops under various conditions, thereby making qualitative and quantitative study on crops more easy (Lelong et al. 1998) . Several important physiological variables, such as chlorophyll and nitrogen concentrations that affect photosynthetic efficiency, are related to the reflectance signatures (Inada 1985 , Inoue et al. 2008 . Thus, hyperspectral remote sensing has great potential to characterize the differences generated from rice genotypes. Recently, spectroscopic methods have been used to differentiate crop genotypes and varieties; yet studying wavebands are mostly focused on the near-infrared (NIR) range (.1000 nm). Within the photosynthetic active radiation (PAR) region (400-700 nm) and the red-edge region, the reflectance of vegetation is used to monitor (Carter 1993 , Blackburn 1998 , Gong et al. 2002 , Zhao et al. 2005 . Because different genotypes of rice appear different either biophysically or physiologically, which might be reflected by leaf reflectance within the visible and red-edge region, in this study, 400-to 800-nm wavebands were analysed.
The goal of the study is (1) to statistically test the effectiveness of hyperspectral data in differentiating non-transgenic parental rice from progenies of transgenic rice (whether transferred gene is expressed or not) and (2) to make sure whether there are differences between non-transgenic parental rice and progenies of transgenic rice that could be reflected by hyperspectral variables within visible-NIR region and, if there were, to find these variables.
Material and experiment
The experiment was conducted in Hainan province, China, which belongs to tropical monsoon climate area. Randomized blocked design was introduced in rice planting. Rice samples were chosen including one parental 'R893' rice group and five corresponding progeny groups of phycocyanin gene-transferred rice, in which T1-T3 were the third generation of parental transgenic rice, T4-T5 were the second generation of parental transgenic rice and P was the non-transgenic parental rice. In situ field measurement was conducted at milk stage in September 2008. Spectra of plant leaves were measured between 350 and 2500 nm with an ASD Fieldspec FR spectroradiometer (ASD, Boulder, CO, USA) fitted with a fibre optic probe with a 25 field of view under artificial illumination mode.
Hyperspectral reflectance was measured sampling eight leaves randomly from each group. Ten readings were taken in the central part of the leaf face and the mean leaf hyperspectral data was calculated. Therefore, we obtained 48 readings of mean hyperspectral data, corresponding to six rice groups.
Methods

ANOVA
To test the effectiveness of hyperspectral reflectance in showing the differences of parent rice and its transgenic progeny, one-way analysis of variance (ANOVA) was conducted to determine reflectance at each waveband within ,400-800 nm, considering six rice varieties as six levels and eight measurements for each group as eight repetitions. A hypothesis was formulated as
the m i are all not equal. F-ratio of ANOVA (calculated by MATLAB TM R2009a program) was used to test the significance of variation. Multiple comparisons were performed using least significant difference (LSD) method by calculating the average value of mean difference between non-transgenic parental group and progeny groups of transgenic rice:
where LSD p is the LSD at p level, t pðdf e Þ the t value at p level and certain degree of freedom for error, S x i À x j the standard error for mean value differences and MS e the mean square of error. Then the average value of mean difference (meanD) between 224 H. Wang et al.
the parent group and the progeny groups was calculated and used to statistically test the significance of difference (see figure 1(b) ).
First-and second-order derivatives
The derivative analysis is commonly used to resolve or enhance absorption features that might be masked by interfering background absorption (Curran et al. 1990, Filella and . Although some studies used high-order derivatives, firstand second-order derivatives were most commonly used (Dawson and Curran 1998) . In this study, first-and second-order derivatives were used to extract spectral position-based variables.
Spectral position-and index-based variables extraction
Some spectral position-based variables in the ranges 490-530, 520-570, 560-650 and 680-760 nm (see table 1) were selected. To combine different sensitive wavebands, some index-based variables were chosen within target wavebands to characterize the differences (see table 2).
Result and discussion
ANOVA
The F-value showed that most of the data in the range 510-735 nm were above the 0.05 p-value line (figure 1(a)), and H 0 could be denied. Differences between parental group and each progeny group were calculated, and the mean difference was used to test the significance of difference between the parental group and the progeny groups. There were significant differences in the range 710-735 nm according to the LSD method. A reflecting peak was present around 553 nm, where the mean reflectance of non-transgenic parental group was visibly lower than the progeny groups of transgenic rice (figure 2).
Derivative analysis
In the study, the original hyperspectral data were smoothed using the Savitzky and Golay algorithm implemented by MATLAB TM R2009a with parameters' 'span' equal Analysis on rice genotypes with hyperspectral data 225 to 9 and 'degree of polynomial' equal to 2. Then first-and second-order derivatives of the smoothed data were calculated. Differences between P and T1-T5 can be identified more reasonably from smooth first-order derivative curve (a) than noisy secondorder derivative curve (b) (see figure 3) . 
MCARI, modified chlorophyll absorption ratio index; NDVI, normalized differential vegetation index; NPCI, normalized total pigment to chlorophyll index; PRI, photochemical reflectance index; SIPI, structural independent pigment index. 
. Yet no consistent differences existed at SD r and D r (see table 1 ).
Index-based analysis
At least one of the wavebands used to calculate the indices was among 510-735 nm. The result showed that photochemical reflectance index (PRI) and modified chlorophyll absorption ratio index (MCARI) could reflect differences between P and T: PRI(P) . PRI(T) and MCARI(P) , MCARI(T) (see table 3).
Discussion and conclusion
ANOVA and LSD can be used to test the effectiveness of hyperspectral measurements and to select effective wavebands for research. The study showed that the group effect is significant in the range 510-735 nm, where some hyperspectral variables are able to characterize differences among groups. Even though transferred genes for progenies of transgenic rice might not be completely pure or expressed, hyperspectral variables did reflect biochemical and physiological differences between parent group and progeny groups of transgenic rice. The differences could be reflected by spectral position-based variables D b , SD b , D y , SD y , R g and index-based variables PRI, MCARI within the PAR region (400-700 nm). In addition to PAR region, 700-735 nm are effective wavebands in the study. Further work is required to ascertain in which growth stage hyperspectral variables are able to perform as good indicators and to determine quantitatively the correlations between biochemical and physiological parameters and hyperspectral variables. This study was funded by the Competitive Earmarked Research Grant (No. 461907), the Research Grants Council, Hong Kong. We thank Dr. Ru Li and researchers at the 
